














BUIs for Muskegon Lake
Impairments
Restrictions on fish and 
wildlife consumption Beach Closings




Degradation of Benthos Degradation of Aesthetics
Restrictions on Dredging Eutrophication and Undesirable Algae




Surface Area (km2) 16.8
Mean Depth (m) 7.1
Max. Depth (m) 23
HRT (d) 21
Mean TP (µg/L) ~25











Muskegon Lake, MI:  1900-1960 
AWRI Monitoring Program for 
Muskegon Lake
GOALS:
• Observe short-term and long-term changes in      
the ecological health of Muskegon Lake
• Use information to help de-list Muskegon 
Lake as an Area of Concern 
• Engage Muskegon community in the process
of ownership of the lake
AWRI Monitoring Program for 
Muskegon Lake

TOTAL PHOSPHORUS:  ‘72 vs. ‘03-‘16
http://www.gvsu.edu/wri/director/muskegon-lake-water-quality-dashboard-78.htm
Current Status (2016)
Total Phosphorus Concentration, µg/L
http://www.gvsu.edu/wri/director/muskegon-lake-water-quality-dashboard-78.htm
Current Status (2016)


















Muskegon Lake Area of Concern 
Habitat Restoration Project Partners
• $10 million project: American Recovery 
and Reinvestment Act (NOAA)
 Restoration Targets: 
 Soften 10,007 feet of Hardened 
Shoreline
 Restore ~27 acres of Wetland 
Habitat
 Remove or improve 23.6 acres of 





• Created 80 jobs
• Retained 45 jobs
• Equal to 35,933 labor hours
• Economic impact:  6.6 ROI ($10 million 
investment resulted in $66 million)
• Enhanced civic pride
Summary: Muskegon Lake
• Long-term monitoring has allowed us to 
rigorously quantify changes in Muskegon 
Lake ecology and identify research needs 
(low DO zones; 3-D hydrodynamic model) 
• This science has engaged the public 
through their philanthropy, resulting in 
greater awareness and sense of 
























West Pond = 850-1700 ppb
East Pond = 80 ppb 
Bear Lake = 45 ppb 
Hydrography and TP Concentrations
• Examine P biogeochemistry in 




























Water Column TP and SRP Concentrations
Sediment Phosphorus: Porewater



































































C) West 1 D) West 2
Muck Fields Sediment Porewater SRP






























East Field 6 X 6X
West Field 6X 6X
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3 6 47 5
West
Pond




42 97 126 33
West
Pond










Harmful Algal Blooms (HABs)
Microcystin is the most common 
cyanotoxin produced by HABs → 
hepatoxin and tumor promotor. 
WHO standards:
- drinking water: 1 µg/L
- recreational: 20 µg/L
Microcystins
 Polypeptide
 ~100 congeners (LR, RR, 
YR, etc.), 200 related 
compounds
 Produced by Microcystis
and other genera
 LD50 25-60 µg/kg (cyanide 
4 mg/kg)







Mean Depth (m) 7.1 2.1
Max. Depth (m) 23 3.1
HRT (d) 21 30
Mean TP (µg/L) ~25 ~45
Mean Chl a (µg/L) ~7 ~24
Trophic status Meso/Eutrophic Eutrophic
Methods
Field
- - Integrated 1 m water sample 
- - 3 pelagic and 3 beach samples
- - 2X in July and August, 2010
Laboratory
- HPLC/MS Microcystins LR, RR, LA, YR and 
cylindrospermopsin
- PCR analysis of the PKS gene
- Nutrients and limnological parameters
- Community structure
Cylindrospermopsis
Hong et al. (2006) J. Great Lakes Research




Xie et al. 2011
Dimension 1 (41%)








































































 Bear Lake: Microcystins were positively 
correlated with TP (p<0.001) and 
negatively correlated with ammonia and 
nitrate (p<0.01)
 Muskegon Lake: Microcystins were 
negatively correlated with nitrate (p<0.01)
 Negative correlations with ammonia and 
nitrate have been observed by others 
(Blomqvist et al., 1994; Amé and Wunderlin, 2005)
Cylindrospermopsis raciborskii
 C. raciborskii was positively correlated 
with turbidity and chlorophyll a in both 
lakes (p<0.001)
 The strain was not capable of producing 
cylindrospermopsin due to inactivity/ 
absence of PKS gene
 Bear Lake appears to be the source of C. 
raciborskii in Muskegon Lake
HAB Conclusions
 Despite their hydrologic connectivity, algal 
dynamics differed among lakes
 Local environmental conditions appear to 
have stronger influence than regional effects 
 Drowned mouth lakes susceptible to C. 
raciborskii invasion (elevated nutrients and 




 qPCR-based assays that quantify Microcystis abundance, 
relative ratio of toxic to non-toxic strains, and measure 
microcystin gene  expression → information regarding toxin 
production activity.
 Image Flow Cytometry (IFCM) method based on RING-
FISH (Recognition of Individual Genes by Fluorescence In-
Situ Hybridization) → qualitative and quantitative 
measurements of microcystin production.  
These complementary methods establish a near real-time 
screening tool (IFCM) followed by confirmatory methods 
(qPCR) enabling managers to make more informed decisions














































































• Application date: Oct—Nov, 2005
• Total application: 1,163,00 gallons
• Surface application using spray nozzles
• Treatment area: ~2.4 km2 (~46%)
• Treatment dose: ~80 g Al/m2
Treatment Barge




















Steinman and Ogdahl (2004, 2010, 2012)





















Steinman and Ogdahl (2004, 2010, 2012)
Total Phosphorus Concentration (µg/L)
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